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The quantum Chesire cat has drawn quite a deal of attention over the past few years, challenging
the common sense perception that a physical system is inseparable from its physical properties. In
this work we propose a thought experiment based on the quantum Chesire cat, which shows that
suitable pre- and post-selections can not only separate a physical system from its properties, but also
even separate the wave and particle attributes of a physical system. The enduring view about the
wave-particle duality has suggested that a quantum entity behaves like both a wave and a particle.
However, the wave-particle duality can be spatially separated under such pre- and post-selection
conditions, thus allowing us to dismantle these two fundamental attributes of nature.
PACS numbers: 03.65.Ud, 03.67.Mn, 42.50.Xa
Introduction.—Whether light is a wave or a particle
has been a long-term debate, which can be traced back to
Newton’s corpuscular theory and Huygens’s wave theory
in the 17th century [1, 2]. The phenomena of interference,
diffraction and polarization have convinced people that
light could be fully described by a wave, but the appear-
ance of photoelectric effect has introduced indisputable
evidence that light exhibited particle property in the mi-
croscopic world [3]. As a compromising result, the wave-
particle duality of light was eventually and widely ac-
cepted [4]. In 1923, the French physicist Louis de Broglie
generalized the viewpoint of wave-particle duality from
light to electron, and also to all other matters [5, 6]. He
boldly proposed that electrons with momentum p should
exhibit the wave properties with an associated wave-
length λ = h/p, with h being Planck’s constant. Later
on, Davisson and Germer experimentally confirmed de
Broglie’s hypothesis about the wave-particle duality of
matters by observing the electron diffraction effects [7].
Subsequently, the wave-particle duality laid the founda-
tion stone for the development of new quantum theory.
Even after so many years of the development of quan-
tum mechanics, the wave-particle duality is still one of
the most intriguing features of the theory. Such a dual-
ity supposes that a quantum particle is accompanied by
a wave, i.e., both the particle and the wave are assumed
to exist objectively. The duality has its own roots in the
complementarity principle [8]. It has been studied ex-
tensively in the past, and still it does not stop to amaze
us with its profound implications. The most dramatic
consequence of the wave-particle duality is the quantum
interference which is diplayed on a screen when we send
photons or particles in a double slit set-up. The remark-
able thing is that this quantum interference occurs even if
only one particle is sent at a time and the particle seems
somehow to pass through both slits at once, thus lead-
ing to interference. How each particle passes through
both the slits is still a mystery! It may be noted that
to explain the quantum interference, it has been pos-
tulated that when the quantum entity impinges on the
beam splitter the particle may be going along one path
but the wave is divided and travels along both the paths.
The wave that goes along the arm where the particle is
not present is called an ‘empty wave’ [9]. Although there
have been long drawn debates on empty waves, i.e., the
waves that do not contain the associated particle prop-
erties, yet this proposal seems to confuse many people,
and is accepted by some and disregarded by others (see
for example [9, 10]. It may be the case that the na-
ture of quantum entity may be different than what the
wave-particle duality has actually depicted us [11]. For
example, the wave and the particle we associate with a
quantum entity is not same as the wave and the particle
that we see in the classical world. Recently, there has
been an attempt to quantify the nature of particle using
resource theoretic framework [12] where it was proposed
that for each quantum entity there are myriads of waves
and particles.
Another intriguing aspect of quantum mechanics is the
concept of weak measurement [13–17] with suitable pre-
and post-selection. Using the weak measurement formal-
ism, it has been suggested that the quantum Cheshire
cat [18] can be a possibility where a cat and its grin can
be separated spatially. In quantum mechanics, this es-
sentially means that with suitable pre-and post-selected
states one can spatially separate the spin of a particle
and the particle itself. In recent years, this work has
raised lot of questions about separting an attribute of a
physical system from the system itself – a concept that
seemed only possible in fictions [19]. However, when this
becomes a scientific result, then it is bound to cater at-
tention from scientists all over the world. Over last few
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2years, lot of works have been done in this area to unravel
the mysteries of the nature [20–34]. It should be fur-
ther noted that this phenomenon has not only become a
theoretical construct, but also been experimentally veri-
fied [26–28, 34].
The enduring view about the wave-particle duality has
suggested that a quantum entity behaves like both a wave
and a particle. Suppose one can spatially separate the
wave property and the particle property of lights or elec-
trons, this immediately gives raise to some fundamental
questions: Can one still observe the interference fringes
on the screen when he adopts the lights with solely par-
ticle property to perform the Young-type double-slit ex-
periments? Can one still observe the photoelectric effect
when he adopts the lights with only wave property? Can
one still observe the diffraction effects when he adopts
the electrons with solely particle property to perform the
corresponding experiments?, and so on. Undoubtedly, to
answer the above questions, a crucial step is developing
an operational framework to dismantle the wave property
and the particle property from a single physical entity.
In this paper, we intend to investigate whether any
profound implication can be drawn by linking the wave-
particle duality and the quantum Cheshire cat. We shall
propose a thought experiment with the help of quantum
Cheshire cat, such that it is possible to spatially separate
the particle aspects from the wave aspects of a quantum
entity by using the suitable pre- and post-selections. We
will show that the particle attribute is not displayed in
one arm of the interferometer and the wave attribute is
not displayed in another arm of the interferometer. Nev-
ertheless, we will show that the the quantum entity re-
spects a new complementarity. Conclusion and discus-
sions will be made in the end.
Theoretical Framework.—In a recent paper [35], an
outstanding progress has been made by presenting an
experimental setup called the wave-particle (WP) tool-
box. A schematic illustration of the toolbox can be
found in Fig. 1. Due to such a toolbox, for a single
photon prepared initially in a polarization state |ψin〉 =
cosα|H〉+ sinα|V 〉, one obtains the finally output state
as |ψout〉 = cosα|W 〉+ sinα|P 〉 which is a wave-particle
superposition state of a single photon. Here, |H〉 and
|V 〉 denotes, respectively, the horizontal and vertical po-
larization states and |W 〉 and |P 〉 denotes, respectively,
the wave and particle states. ’The parameter α can be
adjusted by a half-wave plate, and the wave and particle
states are expressed as
|Wave〉 = |W〉 = cos φ1
2
|1〉 − i sin φ1
2
|3〉,
|Particle〉 = |P〉 = 1√
2
(|2〉+ eiφ2 |4〉). (1)
Operationally these states represent the capability (|W 〉)
and incapability (|P 〉) of the photon to produce interfer-
ence. Here, |n〉, n ∈ {1, ..., 4}, denotes the n-th output
PBS
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FIG. 1. Schematic illustration of the wave-particle toolbox.
The conversion from the coherence superposition of the polar-
ization states to the coherence superposition of the wave and
particle entities exploits the wave-particle box [35]. The mode
conversion happening on the PBS reads |ψin〉 = (cosα|H〉 +
sinα|V 〉)|a〉 PBS−−−→ |ψ1〉 = cosα|H〉|1〉+sinα|V 〉|2〉, where PBS
denotes the polarizing beam-splitter. Now a half-wave plate
(HWP) acts on the first path, hence |H〉 → |V 〉, then the
state |ψ1〉 becomes the state |ψ2〉 = |V 〉(cosα|1〉 + sinα|2〉),
where |n〉 represents a state of a photon traveling along
the n-th path. We can ignore the polarization degree of
freedom in |ψ2〉. Then, each path further bifurcates at a
balanced beam splitter (BS). Hence |ψ2〉 BS−−→ |ψ3〉, where
|ψ3〉 = cosα[ 1√2 (|1〉+ eiφ1 |3〉)] + sinα[ 1√2 (|2〉+ eiφ1 |4〉)], and
φ1 is the relative phase introduced by the phase shifter placed
in paths 3 and 4. Now paths 1 and 3 are recombined by
a beam splitter again. The phase shift between paths 1
and 3 is chosen to induce the following mode conversion:
|1〉 BS−−→ 1√
2
(|1〉 + |3〉), |3〉 BS−−→ 1√
2
(|1〉 − |3〉). This leads to
1√
2
(|1〉 + eiφ1 |3〉) BS−−→ e iφ12 (cos φ1
2
|1〉 − i sin φ1
2
|3〉) = |W 〉.
Then one has |ψ3〉 → |ψout〉 = cosα|W 〉+ sinα|P 〉.
mode from the wave-particle toolbox, and φ1 and φ2 are
two controllable phase shifts in the toolbox. If we repre-
sent the state of the photon as |W 〉, then the probability
of detecting the photon in the path (n = 1, 3) depends
on the phase φ1. In this case, the photon must have trav-
eled along both paths simultaneously, thus revealing its
wave behavior. If we represent the state of the photon
as |P 〉, then the probability to detect the photon in the
path (n = 2, 4) is 12 and does not depend on the phase
φ2. In this case, the photon must have travelled only one
of the two paths showing its particle behavior. In our
setup, for simplicity, the phase shifters in the paths are
the same, i.e., φ1 = φ2.
Following Ref. [35], the illustration of spatially sepa-
3rating the wave and particle properties of a single photon
is given in Fig. 1. To separate the wave and particle prop-
erties, firstly we need to choose the pre-selected state as
|Ψi〉 = 1√
2
(|L〉+ |R〉)(cosα|W 〉+ sinα|P 〉), (2)
with |L〉 and |R〉 denoting the right and the left arms, re-
spectively. To prepare such a pre-selected state, in Fig. 2,
the initial state |ψin〉 is put into the wave-particle tool-
box. The action of the toolbox is to convert it to the state
|ψout〉. We then send it towards a 50:50 beam splitter (i.e.
BS1) and this will produce the desired pre-selected state
|Ψi〉.
Secondly, we choose the post-selected state as
|Ψf〉 = 1√
2
(|L〉|W 〉+ |R〉|P 〉). (3)
Essentially, we want to perform a measurement that gives
answer “yes” whenever the state is |Ψf〉, and answer “no”
when the state is orthogonal to |Ψf〉. We consider only
the cases where answer “yes” is obtained. Such a mea-
surement setup can be realized by the optical setup as
in shown Fig. 2. The post-selection consists of a beam
splitter BS2 followed by the σ1234 operator on the right
arm, with
σ1234 =

0 1 0 0
1 0 0 0
0 0 0 1
0 0 1 0
 . (4)
On the right arm, the particle state can be converted to
the wave state after the actions of BS2 and σ1234, i.e.,
|R〉|P 〉 BS−−→ |R〉e iφ12 (cos φ1
2
|2〉 − i sin φ1
2
|4〉)
σ1234−−−→ |R〉e iφ12 (cos φ1
2
|1〉 − i sin φ1
2
|3〉)
−→ |R〉|W 〉. (5)
We can now verify the result of our post-selection setup.
By substituting Eq. (5) into the post-selected state, we
have
|Ψf〉 = 1√
2
(|L〉|W 〉+ |R〉|P 〉)
BS,σ1234−−−−−−→ |Ψf1〉 =
1√
2
(|L〉+ |R〉|)W 〉. (6)
The beam splitter BS3 is chosen as |L〉 BS3−−−→ 1√
2
(|R〉 −
|L〉), |R〉 BS3−−−→ 1√
2
(|R〉 + |L〉), such that the state |Ψf1〉
turns to |Ψf2〉 = |R〉|W 〉, and the detector D2 does not
click. Finally, the action of the operator X = |W 〉〈W |
is such that only the wave state |W 〉 is transmitted and
the particle state |P 〉 is reflected. Hence the detector D3
does not click, and the detector D1 clicks with certainty
if the post-selected state is indeed |Ψf〉.
Pre-Selection
WP Toolbox
Post-Selection
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BS3
FIG. 2. Illustration of spatially separating the wave property
and the particle property of a single photon.
This is the explicit calculation to show that with the
proposed setup, the detector D1 always clicks if |Ψf〉 is
the post-selected state. If any other state is chosen, there
will be finite probability that the detectors D2 and D3
click. A photon starting in any state orthogonal to |Ψf 〉
will either end up at detector D2 or D3 and certainly will
not fire D1. So we can conclude that we have been able to
design the setup, by introducing certain operators such
that only the particular post-selected state gives D1 click
with 100% probability. With this measurement setup the
state |Ψf〉 will certainly end up in the detector D1, and
any state orthogonal to |Ψf〉 will end up in the detectors
D2 or D3. We only focus on the cases when the detector
D1 clicks.
As we have known that in the context of pre- and post-
selections the measurement strategy used is the weak
measurement we try to perform suitable weak measure-
ments and extract information about the wave and par-
ticle aspects of the photon through these weak values.
Following the quantum Cheshire cat proposal [35], which
has allowed one to separate the properties of a parti-
cle from the particle itself, here we shall separate the
wave and particle attributes of a quantum entity. We
now move on to define various operators which measure
whether the wave and particle attributes are present in
the left and right arms. Explicitly, we have the operators
ΠRP = Π
R ⊗ΠP = |R〉〈R| ⊗ |P 〉〈P |,
ΠLP = Π
L ⊗ΠP = |L〉〈L| ⊗ |P 〉〈P |, (7)
which determines if particle attribute are there in the
4right and left arms, respectively. Similarly, the operators
ΠRW = Π
R ⊗ΠW = |R〉〈R| ⊗ |W 〉〈W |,
ΠLW = Π
L ⊗ΠW = |L〉〈L| ⊗ |W 〉〈W |, (8)
determines if the wave attribute are there in the right
and left arms, respectively.
Now the weak value of any observable Aˆ is given by
〈Aˆ〉w = 〈Ψf |Aˆ|Ψi〉〈Ψf |Ψi〉 , (9)
where |Ψi〉 and |Ψf〉 are the pre-selected and the post-
selected states, respectively. We find that the weak values
of these observables in our setup are as follows:
〈ΠLP 〉w = 0, 〈ΠRP 〉w =
sinα
cosα+ sinα
,
〈ΠRW 〉w = 0, 〈ΠLW 〉w =
cosα
cosα+ sinα
. (10)
It may be emphasized that a non-vanishing weak value of
a projector indicates whether the system has been in the
particular state represented by that projector between
the pre- and post-selections. Similarly, if the weak value
of the projector is null, then the system has not been in
that state between the pre- and post-selections. Based
on the above result, we see that the particle property is
zero in the left arm, whereas the wave property is zero in
the right arm. Therefore, we can safely conclude that the
particle property of the photon is constrained to the right
arm, and the wave property of the photon is constrained
to the left arm in such a pre- and post-selected setup.
This indicates that the wave and particle properties of the
single photon has been indeed spatially separated. Thus,
with the help of suitable pre- and post-selections we can
dismantle the wave and particle nature of a single photon.
For α = pi4 , we have equal superposition of the wave
and the particle state in the pre-selection, i.e., |Ψi〉 =
1√
2
(|L〉+|R〉)⊗ 1√
2
(|W 〉+|P 〉) and the weak values for the
particle and wave attributes are given by 〈ΠRP 〉w = 12 and〈ΠLW 〉w = 12 . In this case, half of the particle attribute is
present in the right arm and half of the wave attribute is
present in the left arm of the interferometer. If α = 0 no
particle aspect is displayed and if α = pi2 no wave aspect
is displayed which is consistent with our setup.
Complementarity.–The above scheme is also applicable
for any quantum entity such as an electron or a neutron.
One interesting point is that even though we have been
able to dismantle the wave and particle properties of a
single photon, this is actually consistent with the com-
plementarity principle that we will discuss here. The
quantum entity respects ‘unity in diversity’. Note that
{|L〉, |R〉} ∈ H2 with ΠL + ΠR = I and the modes in
the wave-particle tool box {|1〉, |2〉, |3〉, |4〉} ∈ H4 with∑4
i=1 Πi = 1. We can define another orthonormal ba-
sis {|W 〉, |W¯ 〉, |P 〉, |P¯ 〉} ∈ H4 and with the resolution of
identity as given by ΠW + ΠW¯ + ΠP + ΠP¯ = I. With
the pre-and post-selected states as given in (2) and (3),
we have
〈ΠLW 〉w + 〈ΠLP 〉w + ΠLP¯ 〉w + ΠLW¯ 〉w
+〈ΠRW 〉w + 〈ΠRW¯ 〉w + 〈ΠRP 〉w + 〈ΠRP¯ 〉w = 1 (11)
Further, we note that the weak values for various projec-
tors satisfy these conditions:
〈ΠRW 〉w = 0, 〈ΠRW¯ 〉w = 0,
〈ΠRP 〉w =
sinα
cosα+ sinα
, 〈ΠRP¯ 〉w = 0, (12)
〈ΠLW 〉w =
cosα
cosα+ sinα
, 〈ΠLP 〉w = 0,
〈ΠLP¯ 〉w = 0, 〈ΠLW¯ 〉w = 0. (13)
Therefore, we have
〈ΠRP 〉w + 〈ΠLW 〉w = 1. (14)
This is a new complementarity relation between the wave
and particle attributes in the weak measurement setting,
i.e., the sum of the wave attribute in the left path and
the particle attribute in the right path cannot be arbi-
trarily large. Interestingly, even though the wave and
particle attributes have been dismantled, the prediction
is consistent with the complementarity principle.
Conclusions and Discussions.—The wave-particle du-
ality is a fundamental concept of quantum mechanics,
which implies that a physical entity is both a wave and
a particle. In other words, the existence of an entity can
be manifested as either a wave or a particle or both de-
pending on the experimental context. There has been a
lot of debates regarding the wave-particle duality from
the past, and it has been an interesting topic of research
as well as one of the least understood aspects in quan-
tum mechanics. Although this duality has worked well
in physics to produce experimental confirmations, its in-
terpretation is still under scanner. Though Niels Bohr
have viewed the duality as one aspect of the concept of
the complementarity principle, there may be more to it.
Here, in this work by exploiting the advantages of weak
measurement and a pre- and post-measurement setup,
we spatially separate the so-called wave and particle at-
tributes of a quantum entity. Even though they are dis-
mantled still they respect a new complementarity rela-
tion.
This also brings about further questions like: What is
this the wave aspect in the left arm of the interferometer
like? How is it different from the general wave properties
exhibited by an entity? Similarly we may also ask what is
the “solely particle” aspect like in the right arm like? In
our work, we have realized the possibility of dismantling
wave and particle for a quantum object and we anticipate
further experimental progresses in this direction in the
near future.
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